I n 1851, Virchow penned his now classic treatise on craniosynostosis in which he proposed that cranial growth would be arrested perpendicular to a fused suture, but would be increased in adjacent patent sutures. 16 This theory, known as Virchow's law, demonstrated that premature fusion of any cranial suture would result in a unique and predictable change in cranial shape, thereby allowing craniofacial surgeons to clinically diagnose craniosynostosis by pattern recognition. While the basic tenets of Virchow's law hold true for most forms of craniosynostosis, the theory was derived from examining the cranial shapes of patients in whom the synostosis occurred in the prenatal period. The effect of more latent sutural fusion in the postnatal period is less well understood.
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Progressive postnatal pansynostosis (PPP) is a rare and clinically deceptive form of craniosynostosis that occurs in early infancy. Unlike more common forms of craniosynostosis, this entity typically manifests as a normally proportioned, albeit smaller than average, head shape. 2, 7, 10, 11 The muted effect on calvarial form is attributable to the latent timing of sutural closure, usually occurring in the first 2 years of life. The majority of patients have an associated syndrome-Crouzon syndrome being most common 2, 11 -but the characteristic craniofacial features can be subtle and easily overlooked. Moreover, the absence of significant cranial dysmorphology or phenotypic changes in patients with PPP often results in diagnostic delay and a higher incidence of elevated intracranial pressure (ICP) than is seen in many other forms of craniosynostosis. 11 This investigation details the clinical, radiographic, and genetic aspects of PPP from a single institution. We highlight the important diagnostic features of this rare entity and our operative strategy.
methods
After obtaining approval from our institutional review board, we reviewed the craniofacial database at our institution from 1997 to 2013 to identify patients diagnosed with multiple-suture fusion and normal or near-normal head shape. Patients with kleeblattschädel or those who had undergone prior craniofacial procedures were excluded.
The following data were collected for each patient: date of birth, sex, age at diagnosis of pansynostosis, syndromic association, head shape, serial measurements of head circumference, signs and symptoms leading to diagnosis (including developmental delay), and pertinent radiological studies including CT and MRI. In addition, CT scans obtained at the time of diagnosis were reviewed by senior plastic surgeons and neurosurgeons to assess for missed or incomplete diagnoses regarding fused sutures in the official radiology report.
results
A total of 17 patients were identified: 13 males and 4 females ( Table 1) . The mean age at definitive diagnosis by CT scan was 62.9 ± 41.2 months (range 9-151 months). Molecular testing documented mutations consistent with known syndromes in 9 (52.9%) of 17 patients: Crouzon (n = 4); Pfeiffer (n = 2); Apert (n = 1); Saethre-Chotzen (n = 1); and achondroplasia (n = 1). Molecular testing in 8 patients was unremarkable.
Overall head shape was normal in 14 (82.4%) of 17 patients (Figs. 1-3) ; 2 of these patients (with unidentified or presumed nonsyndromic diagnosis) had either an isolated sagittal ridge or minor scaphocephaly (Fig. 4) . The other 3 patients (of whom 2 had Crouzon syndrome or SaethreChotzen syndrome) exhibited an apical elevation near the anterior fontanel at the time of diagnosis (Fig. 5) .
Pediatrician records were assessed for early cranial growth. Serial measurement of head circumference ob- tained for all patients revealed a significant decline in percentile head size (Fig. 6 ) that started at a mean age of 38.6 months (range 8-90 months). This was defined as the first measurement in a sustained trend of declining percentile head circumference. It was noted to occur in all patients prior to definitive diagnosis of PPP and was often the primary reason for referral to our center. The chief complaints at the time of initial presentation are described in Table 1 . Upon further evaluation, 16 (94.1%) of 17 patients presented with some abnormal signs and symptoms, the most common being developmental delay (n = 8; 47.1%), followed by recurrent headache or irritability (n = 4; 23.5%). Three patients (17.6%) were initially referred for abnormal facial features (i.e., midfacial hypoplasia and proptosis) and normal head shape, without any other concerning signs/symptoms, and 1 patient presented following the identification of papilledema on routine ophthalmological examination.
CT scans for all patients were reviewed by 4 senior surgeons and demonstrated fusion of multiple sutures. Indications for obtaining a CT scan were clinical suspicion of craniosynostosis (n = 11), concerns of new-onset hy- drocephalus or follow-up after ventriculoperitoneal (VP) shunt placement (n = 4), and declining hearing in a patient with Apert syndrome. One patient with a known Chiari malformation underwent imaging because of a recent history of recurrent falls. Thirteen radiology reports (76.4%) documented potential signs of increased ICP, most commonly citing "copper-beaten appearance" or endocortical thinning. Nevertheless, these findings were evident in all studies on retrospective review of the scans. Two CT scans lacked any comment on either sutural patency or endocortical appearance despite the presence of fused sutures, endocortical erosion, and loss of cisternal space. Multisuture synostosis was accurately reported by the radiologist for only 9 patients (52.9%), while for 8 patients (47.1%) the diagnosis was either missed or incomplete.
MRI was performed preoperatively in 11 patients (64.7%), typically to assess for hydrocephalus and/or newonset symptoms in the setting of a known Chiari malformation. Of those patients, 3 were noted to have both cerebellar tonsillar herniation (i.e., Chiari Type I malfor- mation) of varying degrees and cervical syrinx, 3 had a Chiari Type I malformation, 2 patients had ventriculomegaly, 1 had mild tonsillar ectopia, 1 had narrowing of the lateral transverse sinuses, and 1 patient had stenosis of the foramen magnum.
There were 8 patients with objective evidence of elevated ICP. Two patients had papilledema and did not undergo invasive ICP monitoring. Six patients had some form of direct pressure monitoring (4 preoperative ventricular monitoring, 1 lumbar puncture, 1 direct ventricular measurement during shunt placement), and all demonstrated elevated ICP (above 10 mm Hg): 4 had measurements between 25 and 45 mm Hg, and 2 had more modest elevations (15-18 mm Hg and 15-22 mm Hg). Of the 6 patients who underwent direct ICP monitoring, only half (n = 3) had papilledema.
Definitive bilateral frontoorbital advancement (FOA) with or without lateral and posterior calvarial vault remodeling (CVR) was performed in 10 patients (58.8%). Six were from the group of 8 aforementioned patients who had objective evidence of elevated ICP; the remaining 4 patients had a persistent decrease in percentile head circumference and CT findings consistent with elevated ICP, including endocortical scalloping and loss of cisternal spaces. Two of the patients underwent cranial expansion for persistently elevated ICP despite previous VP shunt placement (Fig. 7) , and 1 of these developed recurrent papilledema following FOA and required another CVR. The remaining patients have remained asymptomatic. Of the 2 patients with a Chiari malformation who underwent CVR but no posterior fossa decompression, both were noted to have persistent but improved appearance of the Chiari malformation postoperatively.
Of the 7 patients who did not undergo FOA, 2 patients were in the group that demonstrated objective evidence of elevated ICP. One patient with mild elevations (ICP 15-18 mm Hg) was successfully managed with Chiari decompression. The other patient (with ICP 25-30 mm Hg and papilledema) underwent VP shunt placement and has complaints of intermittent headaches, but has refused definitive operative intervention. Of the remaining patients, 2 underwent VP shunt placement, and 1 of these underwent a subsequent Chiari decompression. Three patients have declined cranial vault expansion or intraventricular pressure monitoring. This group is being followed with observation, serial eye examinations, and imaging as determined by clinical examination. None of these 3 patients have developed papilledema upon serial ophthalmological assessment. One patient reported intermittent headaches while the other 2 patients denied experiencing any symptoms characteristic of elevated ICP. While the absence of papilledema and/or symptoms is reassuring, it is quite possible that these patients have chronic elevations in ICP. 
discussion
This retrospective investigation highlights several crucial observations regarding PPP. One of the most important aspects of this condition to recognize is that the effects of postnatal sutural fusion on cranial shape and growth are remarkably subtle and often difficult to detect. The lack of significant cranial dysmorphology in patients with PPP leads invariably to a delay in diagnosis. The age of definitive diagnosis in our patients was 5.2 years, comparable to other reports.
2,7,10,11 Connolly and coworkers described 15 patients with normal head shapes at birth who went on to develop pansynostosis. 2 All of these patients had a syndromic diagnosis, the most common of which was Crouzon syndrome, and the mean age at presentation was 5.8 years: this is 4 years older than what has been reported for infants (1.1 years) with other forms of craniosynostosis. 2 Rogers and colleagues reported a series of 19 patients with PPP who presented at an average age of 32.4 months.
11 All had a normal or near-normal cranial shape. Reddy and colleagues reported on 11 patients with delayed holocalvarial craniosynostosis, 7 of whom had documented progression of the fusion with time. 10 The majority of patients had a normal head shape and signs of increased ICP.
10 Similarly, Foo and coworkers reported 4 patients with what they termed "normocephalic pansynostosis," with an average age at presentation of 3.5 years. 4 In the absence of aberrant cranial shape, early detection of PPP often hinges on other factors. The most important physical finding is a subtle decline in percentile head circumference. This was observed in all of our patients and is a common finding in other reports. 2, 11 We observed a consistent pattern in our patients' steadily declining percentile head circumference: normal growth immediately after birth, followed by a clearly identifiable, persistent, and gradual decline usually in the later part of the first year. This abrupt change in head growth has only 2 possible explanations: either the latent closure of the cranial sutures is restricting postnatal cranial cerebral growth (i.e., sutures still contribute), or brain growth in these children subsided for some reason, and the fusions occurred secondarily.
Although some authorities argue that the cranial sutures have little or no role in cranial growth after birth and their primary function is in the perinatal period "to allow the child to come through the birth canal," 6 the findings in this patient population suggest otherwise. First, it would be highly unusual for an otherwise normally growing cerebrum to suddenly decelerate in expansion in the absence of some catastrophic insult; no such occurrence could be documented in our patients. Moreover, nearly every patient had clinical findings suggestive of intracranial hypertension, such as severe endocortical erosion (n = 13) or papilledema (n = 5), symptoms that imply undergrowth of the cranium and not the brain. As in other reports, 2,7,10 the most ubiquitous finding of elevated ICP was severe endocortical bone erosion noted on CT. Some authors have questioned whether this "copper-beaten" pattern is sensitive for ICP elevation, 1,12,14,15 although the intraoperative appearance of the brain and endocranium in each case leaves us with little doubt that these patients had elevated ICP.
Six of the 11 patients in our study who underwent MRI had a Chiari malformation. This finding was not unexpected as the anomaly is known to occur at a significantly higher frequency among patients with syndromic forms of craniosynostosis. 13 Nevertheless, craniocerebral disproportion in patients with craniosynostosis has been described as a potential mechanism for the occurrence of Chiari malformation in these patients, 5 and there is some debate regarding the optimal management of this subset of patients. There are several reports of resolution of craniosynostosis-associated Chiari malformation following cranial vault expansion, which obviated the need for decompression. 3, 9, 13 Hydrocephalus can also be noted in this patient population and may induce Chiari malformation. 13 Four of our patients underwent VP shunt placement, 1 of whom subsequently underwent posterior fossa decompression. Of the remaining 3 patients, 2 underwent CVR/FOA, and 1 had posterior fossa decompression alone. Our limited patient numbers prevent us from forming any conclusion as to the benefit of one approach versus the other to address the finding of Chiari malformation in the PPP population. One patient with Pfeiffer syndrome developed papilledema after undergoing FOA at 9 weeks of age and required a repeat CVR at 7 years of age. Although the cause of inadequate cranial growth after the initial release procedure is not discernable, possibilities include the very young age at which the procedure was done and the deleterious effect of fibroblast growth factor receptor mutation on bony growth.
In addition to the changes in cranial growth, a majority of our patients with PPP had a syndromic diagnosis, the most common being Crouzon syndrome. Eighty-seven percent (13 of 15) of patients with PPP described by Connolly and coworkers had Crouzon syndrome, and all patients had midfacial retrusion but normal head shapes. 2 Hoefkens and coworkers documented PPP in 9 of 73 patients with Crouzon syndrome. 7 Affected patients had absent or mild clinical features, such as exorbitism and midfacial retrusion, in early infancy that appeared to progress with the onset of craniosynostosis. The authors referred to these patients as a "postnatally expressed subtype" of Crouzon, a finding reportedly discussed by Dr. Tessier. The large series by Rogers and coworkers 11 reported more syndromic variation, including patients with SaethreChotzen and Pfeiffer as well as several patients with no clearly identifiable syndromic diagnosis. One common finding in these reports is a normal cranial shape that often failed to raise timely suspicion of craniosynostosis.
conclusions
Based on our findings, and those reported in other studies, it is our contention that any infant or child with a known craniosynostosis syndrome and a normal or nearnormal cranial shape should undergo CT evaluation to rule out PPP. Nevertheless, some syndromic infants with PPP may have a very mild phenotype when the process of pan fusion occurs. 11 Consequently, CT evaluation is recommended for any child with a steadily and persistent declining percentile head circumference. 
